Rex protein of human T-cell leukemia virus type 1 (HTLV-1) induces cytoplasmic expression of unspliced gaglpol mRNA and singly spliced env mRNA and thus is essential for replication of the virus. This regulation requires a cis-acting rex-responsive element (RXE), located in the 3' region of the viral RNA. By external deletion, we have identified RXE composed of 205 nucleotides. The secondary structure of RXE was confirmed by studies on its susceptibility to nuclease digestions to consist of four stem-loops and a long stretch of stem structure. Substitution and deletion mutations revealed that two regions of the stem-loops and their secondary structures are essential for rex regulation. Similar secondary structures were found in the corresponding regions of HTLV-2, bovine leukemia virus, and human immunodeficiency virus. Furthermore, a sequence of 11 nucleotides in the RXE was found to be conserved in the secondary structures of HTLV-1, HTLV-2, and bovine leukemia virus. These observations suggest that the secondary structure as well as the conserved sequence may be important in expression of unspliced RNA even with diverged sequences as observed in these viruses.
gaglpol mRNA and singly spliced env mRNA and thus is essential for replication of the virus. This regulation requires a cis-acting rex-responsive element (RXE), located in the 3' region of the viral RNA. By external deletion, we have identified RXE composed of 205 nucleotides. The secondary structure of RXE was confirmed by studies on its susceptibility to nuclease digestions to consist of four stem-loops and a long stretch of stem structure. Substitution and deletion mutations revealed that two regions of the stem-loops and their secondary structures are essential for rex regulation. Similar secondary structures were found in the corresponding regions of HTLV-2, bovine leukemia virus, and human immunodeficiency virus. Furthermore, a sequence of 11 nucleotides in the RXE was found to be conserved in the secondary structures of HTLV-1, HTLV-2, and bovine leukemia virus. These observations suggest that the secondary structure as well as the conserved sequence may be important in expression of unspliced RNA even with diverged sequences as observed in these viruses.
Replication of human T-cell leukemia virus type 1 (HTLV-1) (16, 31) is controlled by two trans-acting proteins, Tax protein and Rex protein. Tax protein is a transcriptional activator of the HTLV-1 genome from the long terminal repeat (LTR) (2, 6, 7, 26, 29) , whereas Rex protein modulates RNA processing or transport and induces cytoplasmic expression of unspliced gaglpol and singly spliced env mRNAs; otherwise, all of these mRNAs should be doubly spliced (8, 9, 25) .
Rex protein is a nuclear protein (21) predominantly localized in nucleoli (28) , suggesting that rex regulation is a nuclear event. The mechanism of this regulation is proposed to be by activation of nuclear transport or nuclear stabilization of unspliced RNA (10, 25) . Our previous study showed that rex regulation requires a specific cis-acting element on RNA molecules (rex-responsive element [RXE] ), which is located in sequences of the U3 and R segments of the 3' LTR (25) . This region was previously proposed to form a stable secondary structure with large stems and loops and to be important in 3' RNA processing. As a result of this presumed secondary structure, the poly(A) signal located about 270 bases upstream becomes located close to the poly(A) site (22) . A similar role of secondary structures in 3' RNA processing was proposed for HTLV-2 (27) and bovine leukemia virus (BLV) (21) . Interestingly, these two viruses show regulation of RNA expression similar to that of HTLV-1 rex (4, 15) . In BLV, the region responsive to rex regulation was also suggested to correspond to this region, with a potential secondary structure at the 3' RNA terminus (4) .
Gene expression of human immunodeficiency virus (HIV) is regulated by the rev gene in a manner analogous to the regulation of HTLV-1 by rex (5, 12, 18, 20) . Furthermore, the Rex protein of HTLV-1 can also regulate HIV RNA expression (17) , and the mechanisms of regulation by the Rev and Rex proteins were suggested to be similar (10a) . The cis-acting responsive element for rev regulation (rev-responsive element [RRE]) does not show significant sequence homology to the HTLV-1 RXE sequence; however, the RRE was also proposed to form a stable secondary structure (13) . Because of these observations, we were interested in the relationship between the secondary structure of RNA and rex regulation.
This report describes mutagenesis studies on the sequence containing the RXE. We identified two regions required for rex regulation. We also showed that the secondary structure of the RXE is essential for rex regulation.
MATERIALS AND METHODS Construction of plasmids. pGANT is a derivative of pGAGdm, the construction of which was described previously (10) . The whole sequence of the 3' LTR was removed from pGAGdm, and instead a PvuII-SmaI fragment of 733 bases of the neomycin phosphotransferase gene (1) Zuker and Stiegler (33) .
The plasmids used for expression of tax and rex were pCM-TAX and pCM-REX, respectively (Itoh et press); CM refers to the cytomegalovirus immediate early promoter.
Transfection and analysis of mRNA in cytoplasm. Plasmids were transfected into a human amnion cell line, FL, by the calcium phosphate-method as described previously (7) . Briefly, 6 x 105 cells were transfected with mixtures of various expression plasmids adjusted to the total amount of 15 ,ug with Escherichia coli DNA. After culture for 40 h, the cells were harvested, cytoplasmic RNA was prepared by the nucleoside-vanadyl complex method, and poly(A)-containing RNA was analyzed by blot hybridization (24) . The transfection efficiency in each experiment was monitored by determining RNA from pCM-TAX by rehybridization of the same filters with a tax-specific probe.
Synthesis of RNA substrates and structural analysis. A dL fragment from bases 302 to 620 of the 3' LTR (25) was inserted into pSP65 (14) , and RNA was prepared by in vitro transcription followed by agarose gel electrophoresis. The RNA product was labeled with 32P at the 5' end with T4 polynucleotide kinase. Full-length RNA was purified by electrophoresis in 5% acrylamide gel in 8 M urea. Nuclease digestions were performed as previously described (30 (8) (9) (10) 25) . We have reported that the rex-responsive sequence in the 3' LTR is within a region from nucleotides 302 to 560 (positions from the 5' end of the LTR), which contains 259 bases covering the 3' region of the U3 segment and almost all of the R segment (25) . Since this sequence of 259 bases is so long, the whole sequence is unlikely to interact with a protein(s) as a unit. Therefore, we performed further external deletions on the dL fragment from bases 302 to 620, which was previously shown to contain the RXE (25) . We used a defective construct of HTLV-1, pGANT (LTR-gag-neo-TK; Fig. 1 ), to test the effects of the mutations. pGANT was derived from a defective viral construct, pGAGdm (10), and contains the original splice donor for env mRNA, the splice acceptor for taxlrex mRNA, a part of the neomycin resistance gene (neo), and a TK transcriptional terminator of herpes simplex virus type 1. Various mutants of the dL fragment were inserted just upstream of the TK terminator so that any alteration of transcriptional termination was canceled by the following TK terminator. Each construct was transfected into FL cells, a human amnion cell line, in the presence or absence of a rex expression plasmid, pCM-REX, and the transiently expressed cytoplasmic RNAs were analyzed by Northern (RNA) blotting. In all experiments, a tax expression plasmid, pCM-TAX, was also cotransfected to maintain activated transcription.
The construct pGANT, without any sequence of the dL fragment, expressed no detectable unspliced RNA even in the presence of rex (Fig. 2a, lanes 1 and 2) . On the other hand, construct pGANLTR302-620, carrying the whole sequence of the dL fragment, expressed unspliced RNA efficiently in response to rex (Fig. 2a, lanes 3 and 4) , confirming that this construct contained all essential elements and so was useful for analysis of the RXE.
External deletion of the dL fragment from the 5' side up to position 318 (LTR319-620) did not affect rex responsiveness. (Fig. 2a , lanes 5 and 6). Further deletion up to position 336 (LTR337-620) drastically reduced the activity, although the mutant still responded to rex (Fig. 2a, lanes 7 and 8) . However, deletion up to position 350 (LTR351-620) completely abolished the responsiveness to rex (Fig. 2a , lanes 9 and 10). These results clearly indicated that AATAAA at bases 307 to 312, which was shown to be functional as the poly(A) signal (unpublished data), was not required for rex regulation, since LTR319-620 showed almost as high activity as did the wild-type dL fragment. Therefore, rex regulation to induce unspliced RNA expression in the cytoplasm was not associated with 3' RNA processing of the RNA. In some experiments shown here, the total amount of RNAs expressed was reduced in the presence of rex. This reduction was not due to variable efficiency of transfection because the level of RNA from cotransfected pCM-TAX was constant (data not shown). To avoid possible misjudgment due to these different levels of RNA, we determined the ratio of unspliced RNA to spliced RNA. The results confirmed the conclusion stated above.
For external deletion from the 3' side, we used a poly(A) signal-deficient mutant, LTR319-620, to avoid any influence of transcriptional termination. Deletion up to base 561 from the 3' side (LTR319-560) did not affect rex-responsive activity (Fig. 2b, lanes 1 and 2) . Further deletion up to base 542 (LTR319-541) reduced but did not abolish this activity ( fig.  2b, lanes 3 and 4) . However, deletion up to base 522 (LTR319-521) resulted in complete loss of rex responsiveness (Fig. 2b, lanes 5 and 6) .
These results of deletion analyses from both sides strongly suggested that the essential RXE sequence is located within bases 337 to 541 in the LTR. To confirm this, we constructed a mutant containing the sequence from 337 to 541 (LTR337-541). Mutant pGANLTR337-541 was almost as active as the original construct (Fig. 2c, lanes 1 to 4) . This result clearly indicated that all of the essential sequence of RXE is within bases 337 to 541 of the LTR.
Secondary structure of the RXE. The defined RXE corresponds to the region that can form a potential secondary structure proposed in our previous report (22) . The requirement of such a long sequence of 205 bases as a target might be explained by the secondary structure of this sequence.
To study the secondary structure of the RXE, we synthesized an RNA containing the whole dL fragment between bases 302 and 620 in an SP6 transcription system and labeled the 5' end with 32p. The RNA was renatured in the presence of Mg2+ ion and was subjected to limited digestion with various nucleases as described by Tamm and Polisky (30): RNases T1 and A, which preferentially cleave singlestranded regions, and cobra venom nuclease, which is specific for double-stranded regions. The digests were analyzed by polyacrylamide gel electrophoresis under denaturing conditions, and the sites cleaved were identified by comparing the bands with sequencing ladders. The sites that are sensitive to the nucleases are indicated on the secondary structure in Fig. 3 (Fig. 2 ). This observation suggested by an EcoRI linker (sub-344eco and/or sub-447eco). The two that the sequence itself or the formation of stem I is required mutants with substitutions in either one of these two strands for rex regulation. To examine these two possibilities, we were both completely inactive in expression of unspliced RNA in response to rex regulation (Fig. 4, lanes 3 and 4 and  lanes 5 and 6) . However, the mutant with substitutions in both strands (sub-344,447eco), which should form a stem structure as in the original construct, showed almost the same activity in response to rex as the original construct (Fig. 4, lanes 1 and 2 and lanes 7 and 8) . These results clearly demonstrate that the formation of stem I, but not the sequence of this region, is essential for rex regulation.
(ii) Stem-loops A, B, and C. Deletion of a sequence from bases 353 to 441 including the three stem-loops A, B, and C (del-ABC; Fig. Sb ) resulted in complete inactivation (Fig. 5a,  lanes 1 to 4) , indicating the essential requirement of these three stem-loops. Computer analysis of the mutant showed that the secondary structure of the other parts remained unaltered, supporting this conclusion (data not shown). To determine which stem-loop is required, we next deleted one or two of these three stem-loops. A mutant with deletion of stem-loop A from bases 353 to 378 (del-A) showed reduced activity (Fig. Sa, lanes S and 6) . Deletion of stem-loops A and B (del-AB) from bases 354 to 401 reduced the activity further (Fig. 5a, lanes 7 and 8) , although the mutant still showed some response to rex. A mutant with a deletion of bases 401 to 422 including stem-loop C (del-C) also showed reduced activity (Fig. 5a, lanes 9 and 10) . These results revealed that deletion of any one of stem-loops A, B, and C significantly reduced the activity but that any one stem-loop was dispensable for rex regulation. Apparently, the existence of all three stem-loops is necessary for full activity of RXE.
(iii) Stem-loop D. The observation that 3' external deletion of the sequence in stem-loop D (LTR319-521) completely inactivated the function of the RXE suggested the importance of this stem-loop. To test this, we first deleted almost all the sequence of stem-loop D from bases 460 to 544 (del-D). This mutant showed no response to rex (Fig. 6a,  lanes 1 and 2 and lanes 7 and 8) . To determine the essential sequence in stem-loop D, we introduced deletion mutations into the stem-loop as shown in Fig. 6c ; deletion of 31 bases from 488 to 518, corresponding to the external portion of stem-loop D (del-D.EX), resulted in complete loss of the rex response (Fig. 6a, lanes 5 and 6) (Fig. 6b, lanes 1 to 4) . Deletion of four bases from 502 to 505 in the external loop of stem-loop D (del-D.loop) did not affect the rex response significantly (Fig. 6a, lanes 3  and 4) . These results indicated that the sequence of 37 bases at 485 to 521 in the external portion of stem-loop D excluding the external loop is essential for rex regulation. Mutant LTR319-521, with an external deletion from the 3' side, was completely inactive (Fig. 2b, lanes 5 and 6) , although it had all of these 37 bases. These apparently contradictory observations suggest that the secondary structure of this region is essential for rex regulation.
From the results obtained in mutational analyses, we identified two essential regions, (i) a region of the three stem-loops A, B, and C and stem I and (ii) an external part of stem-loop D, and concluded that their secondary structures are required to form an active RXE. DISCUSSION HTLV-1 replication requires expression of unspliced mRNA in the cytoplasm, which is not usual in cellular mRNAs. This HTLV-1-specific regulation is accomplished by a viral Rex protein and a virus-specific RNA sequence, the RXE (8) (9) (10) 25) . In this work, we showed that the RXE is composed of two separated regions in a sequence of bases 337 to 541 in the 3' LTR and also that the secondary structures of these two regions are required for activity. One of these regions included stem-loops A, B, and C and stem I, and the other was the external part of stem-loop D in the secondary structure shown in Fig. 3 .
In the region consisting of stem-loops A, B, and C and stem I, destruction of stem I inactivated the RXE. Computer calculation of the secondary structures of the inactive mu-VOL. 64, 1990 2829 2830 TOYOSHIMA ET AL. tants indicated that the secondary structures of stem-loops A, B, and C were also modified by alteration of stem I. Moreover, deletion of all three stem-loops resulted in complete inactivation, indicating the importance of these stemloops. These observations suggest that stem I might be required for maintaining the correct conformation of these three stem-loops and that the essential elements are within them. Any one of the three stem-loops was dispensable for activity, although there is no significant sequence homology among them. Therefore, it is conceivable that the requirement for a primary sequence is not strict or is for a very short sequence or that the requirement is not for any particular sequence. The requirement for the secondary structure of this region, which is supported by stem I, explains why the Rex protein requires the 3' end but not the 5' end of the genome: the 5' end of the viral RNA does not contain the U3 sequence, which is required to form stem I, and thus it cannot form the active conformation of RXE.
An element in stem-loop D is also an essential part of the secondary structure. The 37 nucleotides in the external part of stem-loop D are sufficient to maintain the activity in combination with the region of stem-loops A, B, and C. However, mutant LTR319-521, in which one strand of stem-loop D was truncated at the middle, was inactive, although it contained all 37 essential nucleotides. Therefore, the secondary structure of this part seems to be important. However, deletion of four nucleotides in loop D did not affect the activity significantly. Thus, the essential part in this region is located in 33 nucleotides in the external part of the stem structure. In this essential region, we identified a sequence of 11 to 14 nucleotides that is conserved in HTLV-1, HTLV-2, and BLV. The possible significance of this sequence is discussed later in this section.
rex function is thought to activate nuclear transport or enhance stabilization of intron-containing RNA (10, 25 (3, 32) . Similarly, the rex protein of HTLV-1 might also directly bind to the RXE sequence that conforms the correct secondary structure.
The secondary structure of the RNA identified in this study was more compact than that proposed previously for the same region to explain 3' RNA processing (22) . In both structures, a large stem in the secondary structure brings the poly(A) signal within consensus distance of the poly(A) site. We have evidence that the poly(A) signal is in fact functioning in polyadenylation at the right place (unpublished data). Therefore, the secondary structure of this region appears to have at least two functions in regulation of viral gene expression: 3' RNA processing and rex regulation. Since the fragment of the RXE defined previously contained the poly(A) signal, rex regulation was suspected to cooperate with 3' RNA processing at the same site, as proposed for BLV (4) . However, the active RXE defined in this report did not contain both the poly(A) signal and the poly(A) site, thus excluding this possibility. The overlapping functional units, both of which require the secondary structure, could explain why HTLV-1 has such a long R sequence (229 bases) (23) compared with those (up to 80 bases) of most retroviruses of avian, mouse, or primate origin.
Regulation of RNA processing or transport similar to that of HTLV-1 rex was reported for HTLV-2 (15, 19) , BLV (4), and HIV (5, 12, 18, 20) . Possible secondary structures were also proposed for the corresponding regions of these viral RNAs: the 3' ends of HTLV-2 (27) and BLV (21) RNAs and the RRE in the env coding sequence of HIV (13, 18) . Interestingly, these regions could be arranged into a second- ary structure similar to that of the HTLV-1 RXE defined in this report: a long stretch of stem corresponding to stems I and II and three or four stem-loop structures corresponding to stem-loops A, B, C, and D (Fig. 7a to c) . These observations suggest that these secondary structures may play similar roles to the secondary structures of the HTLV-1 RXE in regulation by rex or rev.
In these secondary structures, we identified a conserved sequence in the HTLV-related viruses HTLV-1, HTLV-2, and BLV, in the external region of stem-loop D (Fig. 7d) , which was identified as an essential part of the RXE (Fig. 7a,  b, and d) . Substitution of two unpaired nucleotides in this sequence (Fig. 7d) reduced the activity drastically (data not shown), suggesting the importance of this sequence. This conserved sequence is of particular interest because it might be a responsive recognition site for a specific protein. This speculation is consistent with the observations that HTLV-1 rex can control RNA expression of HTLV-2 and also BLV (Sa).
The HIV RRE can also be folded into a secondary structure similar to that of the HTLV-1 RXE (Fig. 7c) , although this structure is somewhat different from that proposed previously (13) . Moreover, HTLV-1 rex was reported to be able to control HIV RNA expression through the same region (17; Itoh et al., in press). However, no significant sequence homology like that observed among viruses of the HTLV subgroup was detected in the region of the RRE. Therefore, the secondary structure predicted for the RRE may play a role in cross-reactive regulation with HTLV-1 rex. The involvement of such a secondary structure might be an advantage for conserving specificity and crossreactivity even with diverged sequences. 
